Abstract: Colloidal protein-protein interactions (PPI) are often expected to impact key behaviors of proteins in solution, such as aggregation rates and mechanisms, aggregate structure, protein solubility, and solution viscosity. PPI of an anti-fluorescein single chain antibody variable fragment (scFv) were characterized experimentally at low to intermediate ionic strength using a combination of static light scattering and sedimentation equilibrium ultracentrifugation. Surprisingly, the results indicated that interactions were strongly net-attractive and electrostatics promoted self-association. Only repulsive interactions were expected based on prior work and calculations based a homology model of a related scFv crystal structure. However, the crystal structure lacks the charged, net-neutral linker sequence. PyRosetta was used to generate a set of scFv structures with different linker conformations, and coarse-grained Monte Carlo simulations were used to evaluate the effect of different linker configurations via second osmotic virial coefficient (B 22 ) simulations. The results show that the configuration of the linker has a significant effect on the calculated B 22 values, and can result in strong electrostatic attractions between oppositely charged residues on the protein surface. This is particularly relevant for development of non-natural antibody products, where charged linkers and other loop regions may be prevalent. The results also provide a preliminary computational framework to evaluate the effect of unstructured linkers on experimental protein-protein interaction parameters such as B 22 .
Introduction
Protein-protein interactions (PPI) control a range of properties for protein solutions, and are due to a combination of long-range electrostatic interactions, and short-range interactions such as hydrophobic attractions, steric repulsions, and van der Waals attractions. [1] [2] [3] Protein-protein interactions are influenced by the sequence and structure of protein molecules, the solution conditions (such as pH, ionic strength), and other environmental conditions (such as temperature and pressure). 1,2,4-6 PPI include both the "weak" or non-specific interactions that can influence physical properties such as solubility and solution viscosity, [6] [7] [8] and "strong" or highly specific interactions such as those between a receptor and its ligand, or an antibody and its antigen. 9, 10 The latter usually result in an effective binding event that has a measurable equilibrium dissociation constant, K d , that lies in the (sub)micromolar range. 9 "Weak" protein-protein interactions are often referred to as "colloidal" protein-protein interactions, and are typically considered to be non-specific and may be net-repulsive or net-attractive. In dilute conditions, the sign and magnitude of colloidal protein-protein interactions are often quantified experimentally with the second osmotic virial coefficient, B 22 .
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This report focuses on "colloidal" protein-protein interactions between proteins in their fully folded (native) state. These will be referred to simply as protein-protein interactions (PPI) in the remainder of this report. Native-state PPI may influence reversible oligomerization of folded or partially unfolded protein molecules, which may be an early step in non-native protein aggregation. 2, 12 PPI have been related to the rates and mechanisms of protein aggregation, as well as the morphology of resulting aggregates. [13] [14] [15] PPI may also influence protein solubility and the viscosity of protein solutions. [6] [7] [8] 16 Recent work has focused on optimization of protein solution properties using formulation and/or protein engineering approaches that target protein-protein interactions. 4, 8, 17, 18 Experimental characterization of electrostatic protein-protein interactions often relies on measuring bulk solution properties as a function of protein concentration across a range of pH and ionic strength conditions. Doing so is both time and material intensive, and this is exacerbated if one is interested in determining the electrostatic interactions for a series of protein variants. Additionally, inferring the molecular origin of electrostatic or non-electrostatic contributions to PPI is challenging with solution property measurements alone. To address these challenges, molecular simulation approaches have been developed to provide insight into PPI. 1, [19] [20] [21] [22] Molecular models typically require structural information of the molecule of interest, either as an experimentally obtained structure from x-ray crystallography or NMR, or as a homology model based on one or more solved structures of related proteins. Coarse-grained molecular modeling approaches are of interest because they may provide insight into the physics of inter-protein interactions without the substantial computational time and resources that an all-atom structural description and explicit solvent would require. [21] [22] [23] [24] Coarse-grained modeling has focused on, for example, calculating B 22 as a function of pH and ionic strength 22, 24 and predicting amino-acid substitutions to increase intermolecular repulsions between protein molecules. 4 Antibody fragments and other antibody derivatives are useful model systems for evaluating formulation and protein engineering approaches that modulate protein-protein interactions that are relevant to therapeutic protein products. Antigen-binding fragments (Fab) and Fv fragments can be advantageous in that they typically do not require post-translational modifications such as glycosylation, and this allows them to be expressed without using mammalian cells. 18, 25, 26 In addition, molecular simulations are less computationally expensive for smaller proteins such as antibody fragments.
Single chain variable fragments (scFv) consist of variable heavy-chain (V H ) and variable light-chain (V L ) domains of a monoclonal antibody, connected covalently by a polypeptide linker. 25 The anti-fluorescein scFv denoted as 4-4-20 is an scFv that binds to and quenches the fluorescence of fluorescein. 4-4-20 can be expressed and secreted from yeast as an active monomer and has a straight-forward and inexpensive binding assay. 27, 28 4-4-20 has previously been utilized as a model system for engineering of binding activity, 27 engineering and characterization of heterologous protein expression in yeast, [29] [30] [31] [32] and development of protein refolding strategies from inclusion bodies produced in bacteria. 33 This scFv has historically been expressed using a hydrophilic 25-amino acid linker, composed of alternating lysine and aspartate residue pairs with alanine spacers. That particular linker length and composition was reported to increase the stability of the scFv by maximizing hydrophilic residues around the scFv surface that would not otherwise be solvent exposed in the full antibody format. 34 In this work, the PPI of the 4-4-20 scFv are investigated at low to intermediate ionic strength and near-neutral pH conditions that are of interest from the perspective of formulating commercial protein products. 35, 36 Monomeric scFv was expressed in yeast and purified using 6-His affinity chromatography and size exclusion chromatography before cleaving the 6-His tag for the final product. Protein-protein interactions of the scFv were experimentally characterized using static light scattering and analytical ultracentrifugation, and showed unexpected electrostatic attractions. Coarse-grained molecular simulations were used to gain insights into the influence of the anisotropic charge distribution, as well as the polypeptide linker, on the resulting PPI. The results highlight the importance of the V H -V L linker, and challenges associated with using rigid structures to simulate proteins with highly flexible / unstructured loops. 27, 38 Previously reported work with this protein was performed after only purifying using affinity capture from yeast media and at total ionic strength >200 mM for the binding experiment. 27, 28 It is possible that the percent of active protein may have decreased over the time needed for additional purification steps to produce tag-cleaved, monomeric protein for the characterization in this work. The use of low ionic-strength conditions may also have decreased the percent of active scFv. A detailed analysis of these factors on binding activity is the subject of future investigation. It is not anticipated that this reduction in active material was due to the presence of a high level of cross-linked scFv or fragments, as SDS-PAGE of the purified material indicated essentially a single species at the correct theoretical molecular weight (cf. Fig. S8 , Supplementary Material, Methods). The conformational stability of 4-4-20 scFv was also assessed at the same solution conditions using differential scanning calorimetry. Figure S2 shows an illustrative DSC thermogram. The observed T m value of 52.68C is consistent with the previously reported value of 538C. 28 The exotherm observed at temperatures greater than the T m suggests that irreversible aggregation and precipitation occur, precluding thermodynamic analysis of unfolding free energy as a function of temperature. While non-native aggregation clearly can be an issue at temperatures near T m , no evidence of non-native aggregation or precipitation was observed at 378C or lower temperatures on the time scales of the ligand binding measurements above, or the experiments described below.
Results and Discussion
Protein-protein interactions and native selfassociation based on SLS and SE-AUC Protein-protein interactions for 4-4-20 in 5 mM sodium phosphate, pH 7.0 buffer were first characterized using SLS. Figure 1 shows the excess Rayleigh ratio measured from SLS as a function of scFv concentration. The overlapping dashed, solid, and dotted lines through the experimental data points represent the best fits of Eqs. (S4), (S5), and (S6) to the experimental data, respectively. The short-dotted and short-dashed lines do not indicate the data correspond to profiles for an ideal and a steric-only system, respectively. Inspection of the concentration dependence of the scattering data shows significant upward curvature compared to the ideal profile, which is indicative of net-attractive protein-protein interactions. The parameter values, M 2 5 39 6 4 kDa and B 22 5 232 6 8 mL/g, were obtained from regressing Eq. (S4) to the R/K versus c 2 data. The large negative value of B 22 , and the large value of M 2 compared to the expected molecular weight for 4-4-20 ( 28 kDa), together suggest that protein-protein interactions are strongly net-attractive. This occurs even at low values of c 2 , and the dilute-c 2 limit assumption needed for Eq. (S4) to hold is not valid.
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Equation (S5) was also regressed to the experimental data in Figure 1 (solid line). Equation (S5) is more generally applicable than Eq. (S4) beyond the dilute-c 2 limit since G 22 is more appropriate for quantifying strong attractions or repulsions outside the dilute limit. 11 The fitted values were M 2,app 5 34 6 3 kDa and G 22 5 163 6 24 mL/g. The magnitude and sign of G 22 indicates that protein-protein interactions are strongly net attractive for 4-4-20 in these solution conditions. Again, the value of M 2,app of 34 6 3 kDa is larger than the theoretical M 2 value (based on the amino acid sequence) of 28.4 kDa. M 2,app incorporates contributions of protein-solvent and protein-cosolute interactions; 11 however it is often not statistically distinguishable from the theoretical value of the effective molecular weight.
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Self-association of the scFv is one hypothesis for why the fitted values of M 2,app or M 2 are much larger than the expected molecular weight. The apparent molecular weight of the protein in solution is expected to be concentration-dependent if self-association is occurring. Equation (S6) incorporates terms for the concentration dependence of the apparent molecular weight due to monomer-dimer association, and was also regressed to the experimental data in Figure 1 . The best-fit value of log(K d /M) 5 24.4 6 0.4 was obtained from regression of Eq. (S6) to the experimental R/K versus c 2 data in Figure 1 . This corresponds to a value of K d 10-100 lM. As the experimental protein concentrations in Figure 1 are of the order 10-100 lM, this suggests that reversible self-association is occurring at the experimental concentrations in Figure 1 . The value of K d also suggests that the scFv will be primarily dimeric at c 2 5 mg/mL, the highest concentration characterized in Figure 1 .
Under these conditions, there is some question of whether B 22 or K d is the more appropriate descriptor of the self-association process, as B 22 is only intended to capture first-order deviations from non-ideality. This becomes problematic if one has a clear monomerdimer equilibrium where the dimer is an "end state" (e.g., no further oligomerization occurs). Due to material limitations, the present data do not extend to sufficiently high concentrations to assess if one could form only dimers, and so from a mathematical perspective the fitting models are likely indistinguishable because they each incorporate only the "2-body" nonideality terms from either the perspective of a virial expansion, or the perspective of a mass-action model in terms of K d . In what follows below, this does not affect the conclusions but it is potentially relevant for future work to focus on higher protein concentrations.
The pH and ionic strength dependence of the attractive protein-protein interactions and selfassociation of 4-4-20 was then characterized using SE-AUC. SE-AUC was used since it is well-suited to characterize protein self-association [40] [41] [42] and non-idealities due to protein-protein interactions at low protein concentrations. [43] [44] [45] SE-AUC also has smaller sample volume requirements than the available SLS equipment. This made it better suited for subsequent measurements due to the relatively low yields of purified, tag-free scFv in the present work. Inspection of Figures 2 and 3 shows that the deviation of the absorbance profile from the ideal monomer AUC profile decreases with increasing sodium chloride concentration (increasing ionic strength) at both pH 7.0 and 8.0. Table II ). The results in Figures 2 and  3 , and Tables I and II, show that the solution behavior of this scFv approaches that of an ideal monomeric species with the expected value of M 2 with increasing ionic strength at both pH values.
Taken together, the results from SLS and SE-AUC indicate that a combination of strong net-attractive protein-protein interactions and monomer-to-dimer self-association of the 4-4-20 scFv are observed at low ionic strength. The SE-AUC behavior of the scFv approaches that of an ideal species with M W,app 5 M 2 when 200 mM sodium chloride is added to the buffer, indicating that the attractions are electrostatically driven. This behavior has not been previously reported for this molecule and was not expected based on prior molecular simulations of this molecule without the linker in the structure (not shown). Previously reported work with this molecule primarily focused on its binding activity at pH 8.0, 200 mM total ionic strength, 28, 33 and at protein concentrations 10-100 nM. 27, 28, 33 The SE-AUC absorbance profiles most closely overlapped the ideal profile at pH 8.0 with 200 mM NaCl added [ Fig. 3(C) ], which are conditions that most closely resemble those used for this protein in previously reported work. The choice of solution conditions, and the focus on much lower protein concentrations in previous work, both suggest potential reasons for why electrostatically driven self-association of this scFv has not been previously reported.
Generation of scFv pdb structures containing the polypeptide linker Figure 4 shows the 3-dimensional structure of the scFv: (a) without the linker, (b) with one possible linker structure, and (c) with all generated linker conformations superimposed. Images of all of the individual structures are included in Figure S5 . Inspection of the different structures shows noticeable differences for the linker positions and their orientations with respect to the scFv domains. The calculated energy score of each of the distinct structures in Rosetta was similar, with an average Rosetta energy score of 2321.5 (standard deviation 5 2.5) in terms of Rosetta Energy Units. Table S1 contains the calculated energy score for each structure. The molecule structures are numbered 1-11 based on the sign and strength of calculated B 22 values, from strongest net-repulsive to strongest net-attractive (see below). Simulations predict strong attractive electrostatic protein-protein interactions due to the linker Coarse-grained molecular simulations of each of the scFv structures including linker sequences were performed to gain insights into the influence of the linker on protein-protein interactions from low to high ionic strength. Simulations were also performed with the linker omitted from the structure to be used as a reference system for comparison. Simulations were performed as a function of solution TIS and w (see Methods) , analogous to what has been reported previously to assess whether anisotropic spatial distributions of charged amino acids will create strong electrostatic attractions between proteins. 24 The results are first presented in terms of surface response plots (B 22 as a function of TIS and the charge scaling parameter, w).
The response plots are useful as a measure of the sensitivity of PPI to the contributions from electrostatic interactions between protein molecules, as both quantities (w and TIS) impact electrostatic interactions in different ways. Increasing w amplifies two competing effects: higher net charge increases the net electrostatic repulsions due to monopole-monopole interactions that are expected from simple colloidal models; [21] [22] [23] [24] 46 higher net charge also increases the importance of interactions between oppositely charged regions of the neighboring protein surfacesso-called dipole or multi-pole effects in the colloid literature. 24, 46 Conversely, increasing TIS causes Debye screening of both electrostatic repulsions and attractions, albeit to different degrees. 24, 46 Ultimately at sufficiently high TIS (300 mM in most cases), the electrostatic attractions and repulsions are screened by the salt counterions, such that electrostatic contributions to PPI are negligible as per the Debye-H€ uckle theory. 47 Physically, one can alter TIS by changing the amount of dissolved salt in solution. Controlling w is more difficult experimentally, as the net charge on a protein at a given pH depends on ion-protein interactions and non-idealities such as territorial ion binding and so-called Hofmeister effects. As such, in the present context one should only treat w as an adjustable model parameter to quickly assess whether the charge distribution on the protein has a high potential to result in net attractive or repulsive electrostatic interactions.
As a result of these balancing effects, the resulting surface plots are expected to show one or more of the following behaviors at low TIS: (1) increased repulsions (larger positive B 22 ) with increasing w, (2) increased attractions (larger negative B 22 ) with increasing w, or (3) a transition from increasing repulsions to increasing attractions as w increases. Case 1 is expected of molecules with predominantly negative (or positive) charges on their surface, or for proteins with reasonably uniform spatial distributions of surface charges. Case 2 is expected of molecules with a relatively low net charge (e.g., near the isoelectric point) but with a highly asymmetric spatial distribution of positive and negative charges on the protein surface. Case 3 is intermediate to cases 1 and 2, and can be expected of molecules with a less polarized distribution of charges across the protein surface. From a colloidal perspective, this behavior is one where multipole-multipole attractions cause attractive PPI only for a small range of TIS values. This can also occur when there is strong multivalent ion binding that can cause ion clouding or de-clouding, and potentially charge inversion for selected salt conditions. 48,49 Figure 5 shows the results of the simulations for three illustrative linker configurations in terms of B 22 response surfaces for: (5a) no-linker for reference purposes, (5b) linker inducing stronger electrostatic repulsions and (5c) linker inducing stronger electrostatic attractions. Results for all other 9 linker configurations are shown in Figure S6 . Figures 5 and S6 show that case 3 (i.e., a mix of case 1 and case 2) above was observed for all simulated linker configurations. However, quantitative differences could be seen in the transition from repulsive (case 1) to attractive (case 2) interactions by comparing panels in Figure 5 . For instance, at w 5 2.4 as one takes a vertical "cut" in each panel, B 22 spans from 219 mL/g (TIS 5 60 mM) to 22 mL/g (TIS 5 10 mM) for panel (a); from 28.5 mL/g (TIS 5 110 mM) to 32 mL/g (TIS 5 10 mM) for panel (b); and from 2131 mL/g (TIS 5 10 mM) to 27.5 mL/g (TIS 5 300 mM) for panel (c). It is notable that the secondary structure and configuration of the remaining amino acids outside the linker were kept constant, and the only structural differences underlying the results in Figures 5 and S6 are due to the linker. The results indicate that the configuration of the linker sequence can contribute significantly to the calculated values of B 22 , and that this polypeptide is not simply an "inert hydrophilic" linker at low TIS. At high TIS, the approximation of the alternating charged linker as an inert hydrophilic moiety is much more reasonable. Finally, it should be noted that these simulations used a fixed linker position in order to greatly reduce the computational burden. Converging the MSOS simulations with a fully flexible linker would have been intractable within available computational resources. Thermodynamically, one expects that if one were to allow the linker to be flexible in the simulation, then the lower energy states would be favored based on Boltzmann weighting. 39, 47, 50 In all cases, the linker is constrained entropically to be chemically bonded to both V H and V L domains. As such, at these low temperatures and low TIS conditions, it is reasonable to expect that the experimental B 22 values will be dominated by the linker configurations that result in more attractive (more negative) B 22 values. At low-to intermediate-TIS this can result in electrostatically driven self-association for scFv molecules if the linker has strong electrostatic attractions with other parts of the scFv surface, or with the linker on the adjacent protein. The rigidity of the linkers provides one possible explanation for why values of w >1 are required in some cases to obtain strong attractions. That is, if the linker were flexible then it would contort to obtain the lowest energy conformations since much of the entropic penalty of doing so would already have been paid because the linker is not very long, and is covalently bonded at both N-and C-termini. The question of which regions of the V H and V L domains are most likely interacting favorably with the linker will be addressed below. In order to identify which regions/amino acids of 4-4-20 the linker is most likely interacting favorably with, the relative orientations and energy distributions of the simulated structures were examined in more detail for the linker that was predicted to have the strongest attractions, since the resulting B 22 values were most consistent with the experimental behavior (i.e., linker configuration 11). Analysis was performed at a total ionic strength of 10 mM, which corresponds approximately to the experimental conditions. During the course of the simulations, the most highly attractive configurations were extracted for visualization as three-dimensional structures. Figure  6 (B) provides an illustrative structure from that low-energy (strongly attractive) "tail" of the Mayer function distribution in Figure 6 (A). The structure illustrates the close proximity and strong pair-wise interaction of the V H domain residue R153 on one scFv molecule and the linker residue D116 on the other. This strong attraction is compounded by the close interaction between residues L9 and V227 (both hydrophobic) within the main sequence [see also, highlighted residues in Figure 6(B) ]. Interestingly, the strong hydrophobic interaction (L9-V227) was not observed at the low w value 0.6, and rather it is induced by the strong electrostatic interaction caused by the linker residues. The calculated value of B 22 for linker # 11 and w 5 2.4 was 2131 mL/g, which is close to values observed experimentally.
The molecule-molecule orientation shown in Figure 6 (B) is only one of many orientations that can contribute to the strongly attractive PPIs observed both experimentally and computationally. Additionally, the linker is not expected to lie in a fixed (rigid) configuration in solution, so there are likely more possible configurations within the numerous degrees of freedom available due to the flexibility of the linker that were not considered in the present work. Many current PPI computational frameworks (via B 22 , G 22 or their analogues) rely on rigid molecular structures, usually based on the results from crystallography or solution NMR measurements. 21, 22, 24 The results in this work highlight the need to develop improved frameworks to account for the behavior of highly flexible linkers or chains while remaining computational tractable for predicting colloidal stability of protein molecules without greatly affecting their conformational stability. As the solution behavior is mediated by both energetic and configurational (i.e., entropic) contributions, the present approach using multiple configurations independently only allows one to gain insights into the interactions but lacks sufficient sampling of the ensemble to be considered an exhaustive test of the role of the charged linker for 4-4-20 scFv. Finally, future work will also assess alternative charged and uncharged linker constructs to eliminate or promote dimerization, depending on the selected application.
Materials and Methods
The 4-4-20 scFv was expressed in S. cerevisiae using a protocol similar to that described previously, 28 except an N-terminal 6His tag (see above) was used for purification. A detailed description of the expression and purification methods used for this work may be found in the Supporting Information. The scFv was purified from the culture media using Ni-NTA affinity chromatography. The 6His tag and remaining residues of the pre-pro synthetic leader sequence were cleaved, and the cleaved product polished using size-exclusion chromatography. Proper cleavage of the 6His tag and correct size of the cleaved scFv (28.4 kDa) were confirmed using SDS-PAGE (see Fig. S8 ). The final yield of purified, tagcleaved, scFv was typically 0.75-1.0 mg per liter of culture. Additional details are available in Supplementary Material. The binding activity of 4-4-20 scFv was assessed by measuring the quenching of fluorescein using methods described previously. 33 Details of the method, and fitting to a two-state binding model are provided in Supplementary Material. Differential scanning calorimetry (DSC) was used to confirm that the midpoint unfolding temperature was well above room temperature, and comparable to that reported previously. 28, 51 Static laser light scattering (SLS) was measured as a function of protein concentration in pH 7, 5 mM sodium phosphate buffer. The resulting scattering profiles were compared against a series of models, ranging from those based on apparent molecular weights, B 22 , and/or monomer-dimer equilibria. Sedimentation-equilibrium analytical ultracentrifugation (SE-AUC) was used as complementary method to SLS, as it is a more sample sparing method to quantify reversible self-association and PPI. [43] [44] [45] SE-AUC was performed as a function of rotor speed and solution ionic strength at a total protein concentration of 0.25 mg/mL. Additional details for DSC, SLS, and SE-AUC experiments and data analysis are provided in Supplementary Material. Due to the lack of a published crystal structure of the 4-4-20 scFv, a homology model was generated for input into the molecular simulations. The sequence of WT 4-4-20 was aligned to that of the 4m.53 variant of the 4-4-20 scFv that has a solved crystal structure. 28 The Swiss-Model protein homology modeling server was used to generate the homology model. [52] [53] [54] Since the polypeptide linker connecting the V L and V H domains of the scFv is highly flexible and unstructured, it was absent from the crystal structure of 4m.53, and therefore, modeled exclusively based on the amino acid sequence on the Swiss-Model server. The flexible linker connecting the scFv variable domains presents a challenge since molecule structures are rigid in the molecular simulations of B 22 used below. Previous studies involving modeling or structural analysis of scFvs have typically omitted the linker due to its unstructured nature. 28, 55 Here, a series of structures of 4-4-20 with and without the linker omitted were generated for molecular simulations to calculate B 22 for each candidate structure, with the aid of PyRosetta. 56 A previously developed coarse-grained molecular model was used to evaluate the interactions between pairs of 4-4-20 molecules for a given structure, as a function of possible linker configurations. The one-bead-per-amino acid (1bAA) model with implicit solvent 21, 22, 24 was used to compute B 22 using the Mayer Sampling method employing the Overlap Sampling algorithm (MSOS), as a function of ionic strength and an electrostatic scaling parameter (w) that balance the relative importance of electrostatic and non-electrostatic contributions to the force field. 57 Additionally, configurations resulting in the highest c values (i.e., most attractive energies) were also collected for structural analysis. Additional information is provided in Supplementary Material.
